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Abstract Snowpack and snowmelt-driven extreme events (e.g., floods) have large societal
consequences including infrastructure failures. However, it is not well understood how projected changes
in the snow-related extremes differ across North America. Using dynamically downscaled regional climate
model (RCM) simulations, we found that the magnitudes of extreme snow water equivalent, snowmelt,
and runoff potential (RP; snowmelt plus precipitation) decrease by 72%, 73%, and 45%, respectively,

over the continental United States and southern Canada but increase by up to 8%, 53%, and 41% in
Alaska and northern Canada by the late 21st century. In California and the Pacific Northwest, there is

a notable increase in extreme RP by 21% contrary to a decrease in snowmelt by 31% by the late century.
These regions could be vulnerable to larger rain-on-snow floods in a warmer climate. Regions with a
large variability among RCM ensembles are identified, which require further investigation to reduce the
regional uncertainties.

Plain Language Summary Even though snow-driven extreme events (e.g., snowmelt floods)
have large societal impacts including infrastructure failures, how much future changes in the magnitude
of snow-driven extremes differ across North America is not well understood. Here, we found that the
magnitudes of future extreme snow water equivalent (SWE) and snowmelt decrease over the continental
United States and southern Canada but increase in Alaska and northern Canada by the late 21st century.
In California and the Pacific Northwest, there is a notable increase in runoff potential (snowmelt plus
precipitation) contrary to a decrease in snowmelt itself, suggesting that these regions may be vulnerable
to larger rain-on-snow events in a warmer climate. Also, regions with a large variability among this
study’s regional climate models are identified. The large variabilities in extreme SWE and snowmelt in the
western mountain regions and northern Canada as well as runoff potential in the southeastern United
States require further investigation to reduce the regional uncertainties.

1. Introduction

Snowpack, the accumulated snow on the ground, is one of the fastest-changing hydrologic components un-
der a warming climate (Barnett et al., 2005; Musselman et al., 2017). The melted water from the snowpack
provides the dominant source of water for generating river flow and recharging groundwater in snow-dom-
inant regions (Li et al., 2017). At the same time, snowmelt-driven extreme events have potentially large
societal and economic impacts on local and regional communities. Extreme snowmelt including rain-on-
snow (ROS) events is an important driver of severe flood events (Berghuijs et al., 2016; Villarini, 2016;
Yan et al., 2018, 2019). During the last few decades, snow-related floods have impacted local communities
across the United States and Canada (Stadnyk et al., 2016). The Red River of the North Basin's 1997 flood
caused more than $5 billion of damages in North Dakota, Minnesota, and Canadian communities (Tod-
hunter, 2001). The Oroville dam spillway incident in California in February 2017 was exacerbated by early
snowmelt with large ROS events (Henn et al., 2020; Vano et al., 2019). In the northeastern United States and
eastern Canada, snowmelt-driven floods have frequently occurred with ice-jamming, resulting in physical
and economic damages to riverine communities (Rokaya et al., 2018; Yarnal et al., 1997).
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Civil and water resources engineers rely on historical data sets when making estimates of design floods to
determine the size of infrastructure (e.g., dams and bridges). The current U.S. government standard design
maps such as the National Oceanic and Atmospheric Administration's National Weather Service Precipi-
tation-Frequency Atlas 14 (NOAA Atlas 14) are based solely on liquid precipitation data with very limited
guidance on snowmelt events (Fassnacht & Records, 2015; Harpold & Kohler, 2017; Yan et al., 2019). Re-
cently, Cho and Jacobs (2020) developed 25 and 100-year return level (also known as a recurrence interval
that is an estimated average time between the events to occur) snow water equivalent (SWE) and snowmelt
maps using reliable long-term gridded SWE products and compared these to the NOAA Atlas 14 standard
design maps over the continental United States. They found that their snowmelt design values exceeded
the standard rainfall design values in 23% of the area in the 44 United States where the standard maps are
available. They emphasized that in most snow-dominant regions, extreme runoff potential (RP; snowmelt
plus precipitation; e.g., ROS), is larger than the snowmelt itself, indicating that rainfall (or mixed-phase
precipitation) during snowmelt is a major contributor to larger snow-driven extreme events. Considering
a warmer climate in the future, more precipitation will likely occur as rainfall instead of snowfall, subse-
quently resulting in more intense, large ROS events relative to current conditions (Musselman et al., 2018).
Thus, guidance is needed to design North American infrastructure to accommodate future snow-driven
extreme events (Diffenbaugh, 2017; Diffenbaugh et al., 2013).

Projected extreme precipitation is expected to increase by around 20% by the end of the 21st century across
the United States under a higher greenhouse gas emission scenario (the Representative Concentration Path-
way [RCP] 8.5) (Easterling et al., 2017). In the winter and spring seasons, the north-central and northeastern
United States and Alaska are projected to receive more seasonal precipitation by up to 30% relative to the
1976-2005 average (Easterling et al., 2017). In Canada, winter precipitation (December to February) is also
projected to increase by around 24% over the 21st century, with larger percentage changes in northern Can-
ada (30%; Bush & Lemmen, 2019). As temperature is expected to increase, a warmer climate forces more
precipitation to fall as rain than snow resulting in a decrease in snowpack with larger and more frequent
rainfall events occurring on shallower snowpacks during winter (Diffenbaugh et al., 2013). In the Pacific
Northwest, for example, snowpack is predicted to decrease by 70% by 2100 under the RCP 8.5 scenario, even
though annual precipitation may increase by 10% (Ikeda et al., 2021). Previous studies predicted declines in
snowmelt-related flooding in the western United States and Canada, due to projected reductions in spring
snowpack with warmer temperatures (Hamlet & Lettenmaier, 2007; Loukas et al., 2002). However, ROS
and mixed-phase precipitation on snow events are becoming more frequent (McCabe et al., 2007) and are
expected to continue in the future, particularly in regions with higher elevations (Li et al., 2019; Musselman
et al., 2018; Yan et al., 2019). Davenport et al. (2020) also found that winter precipitation shifts toward rain,
in response to warming, cause nonlinear increases in flood size across the western United States indicating
that ROS events driven by larger and more frequent rainfall can result in increasing winter or spring floods.

Future projections of snow-related variables have been investigated using different modeling techniques
across multiple time and space scales, including global climate models (GCMs; Brown & Mote, 2009; Krast-
ing et al., 2013; Mudryk et al., 2020), regional climate models (RCMs; Mahoney et al., 2021; McCrary &
Mearns, 2019; Rasmussen et al., 2011), and statistical downscaling applied to hydrologic land surface mod-
els (Christensen & Lettenmaier, 2007). Due to computational constraints, trade-offs must be made in most
climate modeling approaches between the size of the simulation domain, model resolution, and the number
of climate models (RCMs or GCMs). The North American Coordinated Regional Climate Downscaling Ex-
periment (NA-CORDEX; Mearns et al., 2017) ensemble of RCMs provides a unique opportunity to examine
future changes over a large domain (all of North America) at relatively high resolutions (25 km) compared
to GCMs, for historical and future time horizons from 1950 to 2100. Additionally, the relatively large num-
ber of RCM simulations in NA-CORDEX allows for the exploration of uncertainty (e.g., Kim et al., 2021),
highlighting locations where additional studies may be needed to better understand the impacts of future
change over North America.

Although many previous studies have been conducted to predict future changes in SWE and snowmelt in
the United States and Canada, projected changes in extreme SWE, snowmelt, and RP across North Amer-
ica remain poorly understood. In this study, we create and compare spatial maps of three extreme design
metrics, SWE, snowmelt, RP (snowmelt plus precipitation), for the historical, mid, and late 21st centuries,
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respectively, using NA-CORDEX. The RP is the actual amount of water available for runoff originating from
melting snow and precipitation (including snowfall, rainfall absorbed by the snowpack, and percolated rain
water through the snowpack) for a given time period (Cho & Jacobs, 2020; Yan et al., 2018, 2019). We aim
to answer the following three research questions: (a) How much will the magnitude of extreme SWE, snow
melt, and RP change by the mid and late 21st century? (b) Are there similar spatial patterns among the three
extreme design metrics across North America? (c) Which regions have the largest differences (uncertainty)
among RCM models in future conditions?

2. Data and Methodology
2.1. Regional Climate Modeling (RCM) Framework

NA-CORDEX aims to add value to our understanding of climate change at regional scales to serve the cli-
mate change impact and adaptation communities (Mearns et al., 2017). In this study, daily 25-km spatial
resolution SWE and precipitation from nine NA-CORDEX simulations, which follow the RCP 8.5 scenario,
are used to examine changes in extreme SWE, snowmelt, and RP. The nine simulations from three RCMs
with seven GCMs are summarized in Table S1 and Text S1 in Supporting Information S1. To offer additional
information about the reliability of the NA-CORDEX, the 25-year return level NA-CORDEX SWE map
is compared to the reference map over the continental United States, which was adopted from Cho and
Jacobs (2020) (Figure S1 in Supporting Information S1).

2.2. Annual Maximum SWE, Snowmelt, and Runoff Potential

The term “extreme” values (or events) used in this study comes from extreme value theory that is widely
used to estimate the probability of an unusually large event and the magnitude of the large event for a cer-
tain probability (Castillo, 2012). The 25-year return period design SWE and 7-day snowmelt and RP values
are computed using the Generalized Extreme Value (GEV) frequency analysis approach with the annual
maximum series of each variable (Hosking et al., 1990). The GEV distribution function with detailed ex-
planations can be found in Text S2 in Supporting Information S1. The gridded, daily time series for each
NA-CORDEX simulation ensemble was used to obtain the annual maximum SWE, snowmelt, and RP val-
ues and to calculate the corresponding design extreme values for historical (1976-2005), mid (2040-2069),
and late (2070-2099) periods. Annual maximum SWE values are the one-day maximum value determined
for each grid cell daily SWE time series from the October 1 to May 31. Annual maximum 7-day snowmelt
and RP values are also obtained in that period. A 7-day duration is used to calculate the extreme design (25-
year return level) snowmelt and RP based on general time periods of a response of streamflow to precipi-
tation across the U.S. watersheds (Davenport et al., 2020; Ivancic & Shaw, 2015) and persistence days (i.e.,
multiple days to more than a week) of the historical snowmelt and ROS flood events (Pomeroy et al., 2016;
Todhunter et al., 2001). The annual maximum 7-day RP is calculated by including precipitation into the
amount of snow ablation (e.g., ROS). RP is defined as the actual amount of water available for runoff from
the melting snow and precipitation (Yan et al., 2018).

Annual maximum 7-day snowmelt (Melt,, 4) for each grid is defined as

Melt,,,, ; = max[ SWE, — SWE,_, | when SWE, — SWE,; > 0 (1)
Annual maximum 7-day RP (RP,,,, ;4) includes precipitation, defined as

RP,

a7 = max[PrecH“O,-” - (SWEI- - SWEH7)} when SWE, - SWE,_ ; >0 2
where i is a date from October 01 to May 31 for each year and SWE, and SWE,  ; is daily SWE (mm) at dates,
iand i+ 7, respectively. Prec,,,,,,,7 is accumulated precipitation (mm) between i and i + 7 dates. To only
consider snow-related events, the annual maximum values (Melt . ;or RP, .. ;) are selected when positive
SWE, — SWE,, (e.g., snow ablation) exists only. As compared to changes in SWE itself, the RP is a more
relevant variable for quantifying the amount of water available to contribute to runoff processes and floods.
In previous studies, this concept was often referred to using terms such as “water available for runoff” (Yan
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Figure 1. Twenty-five-year return level design snow water equivalent (SWE) using the annual maximum SWE values for the historical (1976-2005), mid
(2040-2069), and late (2070-2099) century and their difference maps. Gray color along the southern edge in the difference maps indicates regions where the
SWE no longer exists.

et al., 2019) and “surface water input” (Kormos et al., 2014). The RP calculation used in this study is based
on the mass balance of snowpack (adopted in Yan et al., 2018), Runoff Potential (output) = Precipitation
(input) — ASWE (storage change), indicating that the RP includes water available for runoff from the ROS
events as well as the mixed-phase precipitation events on snow. While magnitude is the major focus of the
study, the timing of annual maximum SWE, snowmelt, and RP are also a crucial part of the impact from
snow changes. The average date of annual maximum SWE, snowmelt, and RP averaged over the historical
and future periods, as well as their future changes are provided in Figure S2 in Supporting Information S1.

3. Results and Discussion
3.1. Projected Changes in Extreme SWE

The 25-year return level design SWE maps for the historical (1976-2005), mid (2040-2069), and late (2070-
2099) century are presented with the difference maps among the three periods (Figure 1). In the historical
period, large extreme SWE values exist in the Cascades in the Pacific Northwest, Rocky Mountains, eastern
Taiga in Canada (dark purple and black). Low SWE values are distributed over the southern United States
and Great Plains (blue colors). These spatial patterns are retained in future periods, but the magnitude
of extreme SWE is projected to change. Large reductions in extreme SWE (up to 150 and 400 mm for the
mid and late 21st century, respectively) are projected to occur over the western United States and Canada,
southwest Alaska, and coastal eastern Canada (with the greatest changes in the Pacific Northwest and the
Rocky Mountains). Extreme SWE is also projected to decrease in the Great Plains, the northeastern United
States, Quebec, and Newfoundland and Labrador. The decrease in extreme SWE is consistent with previous
studies that projected reductions in mean SWE or April 01 SWE across the regions (Demaria et al., 2016; Li
et al., 2017). Contrary to these regions, SWE extremes are projected to increase across high-latitude areas
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of Canada and northern Alaska. The patterns generally correspond to the net winter snowfall projection
in Mankin and Diffenbaugh (2015). This is likely because warmer temperatures in extremely cold regions
will increase snowfall by increasing winter precipitation and available moisture (Brown et al., 2017; Cohen
et al., 2012; Mankin & Diffenbaugh, 2015). An increase in available moisture results in higher precipitation
efficiency over northern Canada, where the air temperature is still sufficiently cold enough to yield snowfall
(Ghatak et al., 2010). In most regions, the changes in SWE are more notable in the latter part of the century.

The magnitude of SWE decline is accompanied by a shift in the timing of peak SWE that occurs on average,
12 days earlier than the historical period by midcentury (2040-2069) and 20 days earlier than the historical
period by the late century (2070-2099) across North America. In the Rocky Mountains, the Pacific North-
west, and the southwest Alaska, the timing of the peak SWE is projected to shift earlier by up to 48, 57, and
80 days by the end of the century, respectively.

3.2. Projected Changes in Extreme Snowmelt and Runoff Potential

The 25-year return level 7-day snowmelt maps have similar spatial patterns to those of the extreme SWE
maps where regions with high SWE have large snowmelt (Figure 2a). Large snowmelt occurs in the Cas-
cades, Rocky Mountains, eastern Taiga in Canada. Projected changes in the extreme snowmelt between
the historical and future periods indicate that decreases will extend over the continental United States,
southern Canada, and Alaska. The greatest changes are found in the western mountainous regions. In the
North Cascades, e.g., the magnitude of extreme 7-day snowmelt is expected to decline by 100 mm/7-day and
occur more than 70 days earlier in the season by the end of the century (Figure S2 in Supporting Informa-
tion S1). Similar to the spatial pattern in extreme SWE, extreme snowmelt is also projected to increase across
high-latitude areas of Canada and Northern Alaska (Brown et al., 2017). The resultant increase of snowmelt
in these regions is nearly equal to the SWE increase. The degree of the projected changes in snowmelt from
historical to midcentury and mid to late century also varies by region. In the northern Canada, much of the
increasing snowmelt will occur by midcentury (35%) with modest changes for the remainder of the century
(18% of regional mean values), while the eastern region's decrease in the melt is greater in the latter portion
of the study period (19% relative to 10% in the earlier portion). In the western United States, the changes
appear to be continuous through the late century (Midcentury minus Historical versus Late century minus
Midcentury).

Despite the projected reduction in extreme SWE and snowmelt, future changes in extreme RP show that in-
cluding ROS generally moderates the changes in SWE meltwater extremes in many regions or even increas-
es RP (Figure 2b). Over the Sierra Nevada, Cascade Range, and the southeast United States, large increases
in RP are projected by the end of the century. In the Sierra Nevada region, there is a notable increase in
extreme RP by 22% (32%) but the timing of annual maximum RP occurs on average 23 (35) days earlier by
the mid (late) century. In the Cascade Mountain range, the changes in extreme RP are mixed in midcentury
(e.g., increases in southern British Columbia, but decreases in Oregon), but at the end of the century, there
are consistent increases across the entire region. More than a 50 mm/7-day increase in the extreme RP is
projected over northern Canada with RP extremes occurring later in the year.

The spatial distributions in the extreme RP, calculated by the annual maximum values of 7-day snowmelt
combined with precipitation (e.g., ROS events), are different from those of the extreme snowmelt (Fig-
ure 2c). The RP values exceed the snowmelt values by up to 400 mm/7-day in the Pacific Northwest, Cali-
fornia, and the southeast United States. This indicates that large precipitation events on snowpacks are the
major contributor to extreme RP in these regions. In the northern Rocky Mountains and southern Alaska,
the differences between RP and snowmelt gradually increase from the historical to mid and late centuries,
indicating that the magnitude of liquid precipitation during the snow melt period will increasing. This is
attributed in part to increasing temperatures that will lead to a shift in precipitation partitioning from snow
to rain, particularly for western maritime regions. This has important implications for future spring and
midwinter floods, which will likely increase in magnitude due to the reduced snow-precipitation ratios
across western North America (Davenport et al., 2020). Flooding from only snowmelt will decrease in the
future, but flooding induced by rain or mixed-phase precipitation in tandem with melting snowpack will
increase in midwinter and spring. Increases in total winter and spring precipitation in some regions could
additionally contribute to increases in the magnitude of future spring or midwinter floods (Bukovsky &

CHO ET AL.

50f 13



I ¥eld )
AUV Geophysical Research Letters 10.1029/2021GL094985

ADVANCING EARTH
AND SPACE SCIENCE

a Historical Mid-Century Late-Century

3 =
[0])
€ fr]
2 160
5 o
n o 100
? 2
™~ < 40
gt & i 2 20
vy SR mf
AN AN (mm/7d)
Mid-Century minus Historical Late- minus Mid-Century Late-Century minus Historical

Difference
(mm/7-d)

3

N

IS

£

o

14

R gont

N~ v
| ke iadli ¢ % 1o
LTy AT e

Mid-Century minus Historical Late- minus Mid-Century Late-Century minus Historical

Difference
(mm/7-d)

0 20 40 60 80 100 150 200 300 400 (mm/7-day)

Figure 2. Twenty-five-year return level (a) 7-day snowmelt and (b) Runoff potential (RP) maps with difference maps for the historical (1976-2005), mid
(2040-2069), and late (2070-2099) century and (c) Difference maps between 7-day RP and snowmelt for each period (gray color along the southern edge in the
difference maps indicates regions where snowmelt (or RP) used to exist, but no longer exists).
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Mearns, 2020; Mahoney et al., 2021). For example, in the Pacific Northwest and California, increases in total
precipitation are projected in mountain valleys and on the lee-side of the mountains due to an increase in
intense atmospheric river-driven precipitation (Huang et al., 2020). Also, early-season flood risk is expected
to increase in association with increased runoff over heavy-rainy days in California’s Sierra Nevada (Huang
et al., 2018). In the midelevations (1,500-2,500 m), the runoff intensity is projected to increase by 50% and
the frequency rises four times relative to the historical values under the RCP 8.5.

Even though changes in streamflow are not directly investigated in this study, we can extrapolate from
recent studies that some areas can experience increases in streamflow even with earlier snowmelt and
snowloss (Hammond & Kampf, 2020; McCabe et al., 2018; Robles et al., 2021). For example, Hammond and
Kampf (2020) found that in regions where subsurface water storage is high and evapotranspiration is low,
increases in rainfall and mixed-phase precipitation during wet winter periods generates higher runoff effi-
ciency (calculated by quickflow, also known as “direct runoff,” divided by precipitation input) which com-
pensates for the reduced streamflow that occurs with declining snowpacks. Regarding watersheds where
more frequent winter snowmelt and ROS events are projected to occur and where winter conditions become
wetter in the future, larger extreme RP may directly lead to higher runoff efficiency and larger quickflow,
potentially increasing midwinter flood risk.

3.3. Variations of SWE, Snowmelt, and RP Among RCMs

To identify regions where there is the largest variability among RCMs, the variability in the ensemble spread
(standard deviation among nine ensemble members) of extreme SWE, snowmelt, and RP across North
America is examined in Figure 3. Coefficient of variation (CV) maps are also provided in Figure S3 in Sup-
porting Information S1, which is calculated by dividing the standard deviation by the ensemble mean. For
SWE, the largest uncertainty is in the western mountain regions including the Pacific Northwest and the
Rocky Mountains. This is primarily due to the larger magnitude of SWE and differences among RCMs to
characterize SWE for regions with complex terrain characteristics. As demonstrated in Figure S1 in Sup-
porting Information S1, the RCMs generally underestimate extreme SWE values as compared to an SWE
reference data set in these regions. This is likely because the 25-km spatial resolution of the RCMs, while
much finer than GCM scales, is still too coarse to represent local heterogeneous processes for snow, espe-
cially in complex terrains (Ikeda et al., 2021; Letcher & Minder, 2015; Wrzesien et al., 2017, 2018). RCM
SWE output at a finer resolution (<9 km) compares favorably to reference SWE data sets as compared to
the output at 27 km (Wrzesian et al., 2017). Even higher resolution RCM experiments (~4 km) enable to
model microphysical features such as orographical updrafts driving clouds and precipitation (e.g., Ikeda
et al., 2021; Rasmussen et al., 2014). For the CV maps of SWE, there is a relatively large variation in the
central and southern parts of the United States (Figure S3 in Supporting Information S1). While the large
uncertainty in these regions would be less important in terms of extreme events, it can limit the predictabil-
ity of agricultural and ecological processes related to snowmelt (Petersky & Harpold, 2018).

For snowmelt, there are large variabilities in both the western mountain regions and northern Canada.
With limited SWE variations in northern Canada, the larger variability in snowmelt is likely due to the
temperature differences among the RCMs. Because a large increase in precipitation (up to 46%) in northern
Canada is expected in the late 21st century (Zhang et al., 2019), this region could be more vulnerable to
snow-driven floods than other regions. The RP maps show larger uncertainties in the southern parts of the
United States, which are up to 70 mm/7 day for historical and midcentury. In the late 21st century, SWE
no longer exists in the regions. Because ephemeral snowpack changes in these regions are important for
hydrologic and ecosystem processes (Cho & Jacobs, 2020; Friggens et al., 2018), further study to better un-
derstand the source of these uncertainties is warranted. There are also large RP variations among RCMs in
the Pacific Northwest and California where large shifts in precipitation partitioning from snowfall to rain as
well as increases in extreme atmospheric river-induced precipitation are expected (Huang et al., 2020). Fur-
ther investigation is needed to better understand and harness the RP ensemble spread and in those regions.
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Figure 3. Standard deviations of the 25-year return level snow water equivalent (SWE), 7-day snowmelt, and runoff potential (RP) maps using the nine
simulation outputs in the NA-CORDEX ensemble.

3.4. Regional Change in Extreme Snow-Driven Events

For design purposes, the granularity of the previous maps is not well suited for decision-makers seeking
to change policies and engineering practice. Thus, the projected regional changes in the extreme SWE and
7-day snowmelt and RP results are summarized in Figure 4. Here, total volume change maps are provid-
ed for 14 regions based on the U.S. National Climate Assessment and Canada’'s Changing Climate Report
boundaries. Projections show regional differences in changes to design SWE, snowmelt, and RP. Large de-
creases in extreme SWE are projected to occur over much of North America, except for Alaska and northern
Canada (e.g., Yukon, Northwest Territories, and Nunavut). In the continental United States, projected ex-
treme SWE decreases by 12-37% and 25-72% by mid and late 21st century, respectively. There is a relatively
small decrease in southern Canada, ranging from 3% to 13% (midcentury) and 11% to 30% (late century).
The widespread SWE decreases across the continental United States and southern Canada are mainly at-
tributable to increasing temperatures that will shift the proportion of total precipitation that currently falls
as snowfall toward rain (Sospedra-Alfonso & Merryfield, 2017). Projected increases in the extreme SWE in
Alaska and northern Canada are due to larger increases in winter snowfall despite winter temperatures
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warming by up to 4°C (Mankin & Diffenbaugh, 2015) because the winter temperature would be still suffi-
ciently cold to generate snowfall (Ghatak et al., 2010).

Regional changes in the future extreme snowmelt generally have similar spatial patterns to those of the
maximum SWE. However, there is a notable difference in projected snowmelt between northern and south-
ern Canada. Even though there are minimal increases in extreme SWE in the high-latitude areas of Canada
(Brown et al., 2017; Mudryk et al., 2018), extreme snowmelt is projected to increase significantly by 35%
and 53% by the mid and late 21st century, respectively. Here, warmer temperatures and reduced snowpacks
combine to affect the magnitude of snowmelt-related events, which was noted as an uncertain issue in the
recent Canada's Changing Climate Report (Bush & Lemmen, 2019). In the continental United States and
southern Canada, the smaller SWE, rather than warmer temperature, is the more important control that
causes smaller snowmelt events, while in northern Canada the warmer temperatures drive the larger in-
creases in snowmelt for regions with similar or slightly larger SWE.

For extreme RP, there are increases in northern Canada (25% and 41%) as well as Alaska (13% and 19% by
mid and late centuries, respectively). Projected RP changes are consistent but smaller than projected snow-
melt reductions in the continental United States. Contrary to the decrease in snowmelt, there is a projected
increase in extreme RP in British Columbia (7% and 6% by mid and late centuries, respectively) even though
extreme SWE decreases. Similar increases also occur in the Pacific Coast Ranges of western North Amer-
ica (in Figure 2). Considering that winter precipitation in the regions is projected to increase by up to 20%
from the U.S. National Climate Assessment (Easterling et al., 2017), the RP increase is likely caused by two
reasons: an increase in winter precipitation itself and a large portion of snowfall being replaced by rain in
response to climate warming (Mankin & Diffenbaugh, 2015). The relative contributions of the drivers may
differ by region with elevation ranges because of the elevation-dependent warming and resultant precipita-
tion phases (Ding et al., 2014; Pepin et al., 2015).

4. Conclusion and Future Perspectives

While it is well known that a warmer climate will cause widespread decreases in snowpack and snow-
melt across North America, previous studies have not translated these projected changes to extreme values
appropriate for water resources management and engineering design. In this study, 25-year return level
design SWE and 7-day snowmelt and RP were estimated for the historic, mid, and late 21st century using a
nine-member RCM ensemble from NA-CORDEX. We found that the magnitude of extreme SWE decreases
range from 3%-37% to 11%-72% across the continental United States and southern Canada by mid and late
21st century, respectively, except for a small increase of about 8% in Alaska and northern Canada. Generally,
the magnitude of extreme snowmelt is informed by the amount of SWE that is present before melting events
occur. However, in the high-latitude areas of Canada extreme snowmelt is projected to markedly increase
by 35% and 53% by the mid and late century, even though there will be marginal increases in extreme SWE.
In California and the Pacific Northwest regions, there is a notable increase in extreme RP by 21% contrary
to a decrease in snowmelt itself by —31% by the end of the 21st century. This is probably attributable to
an increasing temperature that will lead to a shift in the proportion of precipitation partitioning toward
rainfall, suggesting that these regions may be vulnerable to ROS events in a changing climate. Based on the
ensemble spread among the nine RCM models, we found the western mountain regions have the greatest
uncertainties among the models for extreme SWE. For snowmelt, large variabilities were found in both
the western mountain regions and northern Canada. With small SWE variations in northern Canada, the
variability in snowmelt is likely due to the temperature differences among the RCMs. For extreme RP, there
are also large uncertainties in the southeastern United States, requiring further investigation to identify
potential sources of these regional differences in the RCM's ephemeral snow estimates.

One limitation of this study is the use of relatively course spatial resolution (25 km) climate simulations, for
the study of changes in snow in complex terrain. The need for reliable, high resolution climate modeling to
capture local climate processes for snow in complex terrains (e.g., mountains) has been mentioned before.
Considering the inevitable trade-offs among the size of the simulation domain, model resolution, and the
number of climate models, mostly due to limited computational resources, the 25-km spatial resolution of
the NA-CORDEX ensemble simulations is still fine enough to project regional snowpack changes with an
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ensemble that is large enough to explore some uncertainty across North America. The large coverage of the
NA-CORDEX simulations allows us to compare how changes vary across the domain and to identify where
additional studies may be needed to better understand the impacts of future change. The results from this
study are expected to provide useful information regarding the magnitude of future snow-driven extremes
under a changing climate as needed to plan, design, and manage potentially vulnerable water resources and
infrastructure.
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